Smith LR, Barton ER. Collagen content does not alter the passive mechanical properties of fibrotic skeletal muscle in mdx mice.
ume. Skeletal muscle fibrosis is observed in response to a number of muscle pathologies including the muscular dystrophies. Duchenne muscular dystrophy (DMD), caused by the loss of dystrophin, is one of the most prevalent of the muscular dystrophies, with severe progressive fibrosis of skeletal muscle. The mdx mouse is a model of DMD and the most commonly studied model of dystrophic muscle (28) . Many of the hallmarks of DMD are exhibited in this model, including heightened muscle fragility, reduced strength, and cumulative fibrosis.
The extent of fibrosis in skeletal muscle is typically quantified using histological methods (picosirius red or trichrome staining) to define the fractional area of a muscle cross section that is occupied by the ECM (2, 3, 46) . Biochemical quantification of collagen is often performed with a hydroxyproline assay to assess the degree of fibrosis within a whole muscle (43, 45) . These methods provide quantitative data on the amount of collagen in skeletal muscle tissue; however, they do not provide information on how collagen is organized. Crosslinking is a measure of collagen organization that has been demonstrated to play a critical role in determining collagen stiffness (4) . As collagen is cross-linked into larger and more tightly crowded fibrils, the density of collagen packing is increased. Direct measurement of collagen cross-linking is technically challenging albeit feasible in skeletal muscle (16, 21, 34) . However, measurement of collagen packing is relatively high throughput and provides morphometric data in addition to the extent of collagen packing (10) . Collagen packing can be measured by viewing picosirius red-stained tissue sections under circularly polarized light, under which densely packed collagen fibers are birefringent with a red hue, while loosely packed collagen fibers have a green hue (36, 39) . Polarized light microscopy of picosirius red-stained sections has been used in a variety of tissues including cardiac muscle (40, 44, 50, 51) , but to our knowledge, it has not been applied to skeletal muscle. Thus we sought to investigate how collagen packing is altered in a model of skeletal muscle fibrosis.
Study of skeletal muscle fibrosis has focused on the upstream events involving muscle injury leading to inflammation and transforming growth factor-␤ expression, which induces activation of fibroblasts to secrete collagen and other ECM components (25, 28, 53) . However, relatively little is known regarding how increased collagen leads to a disruption of skeletal muscle function. Certainly, replacement of contractile tissue with fibrotic scar tissue leads to a reduction in active force-generating capacity of muscle. It is often stated that fibrosis also leads to an increase in skeletal muscle passive stiffness; however, the link between collagen content and stiffness is yet to be resolved (25) . Passive stiffness in mammalian skeletal muscle is thought to be determined largely by ECM collagen, although intracellular elements are also known to contribute (13, 14, 30) . It is well established that skeletal muscle has viscoelastic passive mechanical properties, which are critical components of muscle function in vivo, yet the viscous and elastic components are not commonly studied (1, 27) . The extensor digitorum longus (EDL) muscle of mdx mice has been shown to have increased viscoelastic stiffness and viscosity along with increased collagen content (19) , yet other muscles are known to undergo unique pathologies in the mdx mouse. For instance, the EDL is marginally affected compared with the diaphragm, which has been shown to succumb to extensive fibrosis along with an associated increase in passive stiffness (42) .
We hypothesized that muscle elastic and viscous passive mechanical properties would be positively correlated with the collagen content. Furthermore, we hypothesized that the degree of densely packed collagen provides further correlation with passive mechanical properties of these muscles. Here, we test these hypotheses using both collagen area fraction and hydroxyproline assays to determine collagen content in addition to circularly polarized light microscopy to determine the density of collagen packing. These collagen parameters are associated with elastic and viscous mechanical properties of EDL, soleus, and diaphragm muscles of fibrotic mdx and control C57 mice.
MATERIALS AND METHODS
The University of Pennsylvania Animal Care Committee approved the experiments in this study. Mouse strains included the mdx mouse, a model for DMD, and the C57 mouse, a wild-type control. Only male mice were utilized for experiments. Mice were anesthetized with ketamine/xylazine. Muscles were removed and placed in a bath of modified Ringer's solution (119 mM NaCl, 4.74 mM KCl, 3.36 mM CaCl 2, 1.18 mM KH2PO4, 1.18 mM MgSO4, 25 mM HEPES, and 2.75 mM glucose) gas-equilibrated with 95% O2-5% CO2. Silk suture 6 -0 was tied as close as possible to the myotendinous junction with a minimal distance to a rigid metal chain to minimize series compliance of nonmuscle elements. In diaphragm muscle preparations, the suture was attached to the central tendon and rib. For EDL and soleus, left limb muscles were used for mechanics and histology, and right limb muscles were used for hydroxyproline assays. For the diaphragm, separate pieces were used for mechanics, histology, and hydroxyproline assays.
Active muscle mechanics. Muscles were subjected to isolated mechanical measurements using a previously described apparatus (Aurora Scientific, Ontario, Canada) (5) and bathed in modified Ringer's solution gas-equilibrated with 95% O 2-5% CO2 and bath temperature maintained at 22°C (35) . Optimum muscle length (Lo) was determined with iterative manual adjustments of length to achieve maximum twitch force with supramaximal stimulation (31) . Muscle physiological cross-sectional area (PCSA) was determined using the following formula:
where m is muscle mass (m), Lo is muscle length, Lf/Lo is the ratio of fiber length to optimal muscle length, and the density of muscle is ϭ 1.06 g/cm 3 (29) . Lf/Lo was 0.45 for EDL, 0.69 for soleus, and 1.0 for diaphragm. Maximum isometric twitch was measured in the muscles after 20 s by maximum isometric tetanus during a 500-ms stimulation.
The maximum twitch and tetanus were measured a total of three times with 5-min intervals between tests, and the individual maximum value was used.
Passive muscle mechanics. Following the active mechanical protocol, a passive mechanical protocol was conducted. For each strain value a cyclical strain of the given peak amplitude was performed at 1 Hz for 5 s to precondition the muscle. After preconditioning, the muscle underwent a ramp strain to the given strain at 1 Lo/s and held for 2 min to allow for stress relaxation. During this strain, the peak force was taken to represent the dynamic passive force, and the force at 2 min was taken to represent the elastic passive force. This procedure was executed at strains of 2.5, 5, 7.5, 10, 12.5, and 15% with a period of at least 20 s separating given strain procedures. During stress relaxation, the maximum stress reached is referred to as the dynamic stress (see Fig. 3A , squares) and the steady-state stress after 2 min is referred to as elastic stress (see Fig. 3A, squares) . The elastic stiffness, or modulus, is determined from the tangent of the quadratic fit of elastic stress to strain at 10% strain, and the dynamic stiffness modulus is determined equivalently from dynamic stress (see Fig. 3C , tangents). The elastic and dynamic stiffness are normalized values of stiffness and referred to as stiffness (mN/mm 2 ) throughout this article, while the raw value is referred to as the absolute stiffness (N/mm). Dynamic stiffness is purely a passive mechanical property without a contractile component that is a measure of the nonsteadystate stress response to an applied strain. The passive mechanical protocols are based on previous studies (19, 49, 54) and within a physiological range of strains and strain rates (9) .
Picosirius red staining. Picosirius red staining was performed similarly to previous studies (2, 3, 46) . Samples were rinsed in phosphate-buffered saline, blotted, weighed, covered in mounting medium before freezing in melting isopentane, and stored at Ϫ80°C. Cryosections of 10 m were cut in cross section from the mid belly of the muscle at Ϫ20°C (Leica CM3050 S). Sections were fixed in 4% paraformaldehyde for 10 min, rinsed, air dried, and stained for 1 h in 0.1% (wt/vol) sirius red (Sigma-Aldrich) dissolved in saturated aqueous picric acid (Sigma-Aldrich). Sections were then washed in two changes of 0.5% acetic acid, dehydrated in three changes of 100% ethanol, cleared with Citra Solv, and mounted with Cytoseal. A series of micrographs from each muscle were captured using a ϫ10 objective on a Leica DMLP (Leica) scope with a Micropublisher 5.0 (Q Imaging) camera to obtain an image of the entire cross-section, which was reconstituted by merging the images using Photoshop. A custom script was written in MATLAB (Mathworks) to determine number of pixels stained red and total number of pixels stained.
To evaluate the collagen packing density, picosirius red-stained muscle sections were also viewed under circularly polarized light using the Leica DMLP (Leica) scope, rotating polarizer, rotating analyzer, and dual quarter wave plates. Whole muscle images were obtained as with light microscopy. A custom script was written in MATLAB to determine the number of pixels stained above an intensity threshold in bins determined by 8-bit hue values (245-255 and 0 -34 for red, 35-49 for yellow, and 50 -115 for green; modified from Ref. 26) .
Hydroxyproline content. The hydroxyproline assay was performed as described in previous studies for muscle samples (11, 22) . Muscles were rapidly frozen in liquid nitrogen and stored at Ϫ80°C. The tissue was pulverized on dry ice with careful attention to remove any attached tendon. The pulverized muscle was weighed, and hydrolyzed overnight in 1 ml of 6 M hydrochloric acid at 105°C. Ten microliters of hydrolysate were mixed with 150 l isopropanol followed by 75 l of 1.4% chloramine-T (Sigma, St. Louis, MO) in citrate buffer and oxidized at room temperature for 10 min. The samples were then mixed with 1 ml of a 3:13 solution of Ehrlich's reagent [1.5 g of 4-(dimethylamino) benzaldehyde (Sigma); 5 ml ethanol; 337 l sulfuric acid] to isopropanol and incubated for 45 min at 55°C. Quantification was determined by extinction measurement of the resulting solution at 558 nm. A standard curve (0 -1,000 M trans-4-hydroxy-L-proline; Sigma) was included in each assay. Results are reported as micrograms of hydroxyproline per milligrams of tissue wet weight.
Statistics. A two-way ANOVA was utilized for comparisons of muscle measurements with main effects of genotype and age for each muscle tested individually. Tukey's multiple comparison tests were utilized to determine differences between groups. Pearson correlation was used to identify significant correlations between parameters within a muscle. Statistical significance was accepted for P Ͻ 0.05.
RESULTS
Body mass, muscle size, and active muscle force. To investigate the relationship between passive mechanical measures and measures of fibrosis, we compared young adult (20 wk) and aged adult (1 yr) fibrotic mdx and control C57 mice. Muscle mass of the EDL and soleus was significantly greater in the mdx mouse at both ages (Table 1 ). There was no corresponding change in L o between mdx and C57 mice, leading to significantly greater PCSA in the mdx mice with greater muscle mass. There was also a significant increase in PCSA from 20 wk to 1 yr in mdx and C57 mice in both EDL and soleus. The maximum tetanic force generation of mdx compared with C57 was not different in EDL or soleus. However, as expected, specific force, which is maximum tetanic force normalized to PCSA, was compromised in mdx compared with C57 mice in all muscles with a significant genotype effect observed. There was also a significant decrease in specific force for 1-yr mdx mice compared with their 20-wk-old counterparts in the diaphragm muscle, with the same trend seen in EDL and soleus muscles.
Collagen content. The collagen content measured as a fraction of total muscle area was determined using picosirius red staining ( Fig. 1, A and B) . There was no statistical difference in collagen area fraction of EDL muscles between C57 and mdx mice at either age; however, the soleus and diaphragm had highly significant increases in collagen area (Fig. 1C) . Collagen area had a significant main effect of age for both soleus and diaphragm and a significant interaction of age and genotype in the diaphragm. This led to post hoc tests with a significant increase in collagen area in the 1-yr mdx diaphragm compared with 20 wk of age. Biochemical determination of whole muscle collagen content with a hydroxyproline assay produced largely similar results to collagen area fraction. There was not a statistically significant increase of hydroxyproline in mdx EDL muscle, but the difference was significant in both soleus and diaphragm (Fig. 1D) . Age did not have a significant effect on hydroxyproline content of EDL or soleus muscle, but age and interaction between age and genotype were significant factors for the diaphragm. Post hoc tests revealed the 1-yr-old mdx diaphragm had significantly greater hydroxyproline than at 20 wk.
Collagen packing. The degree of collagen packing was determined by viewing the picosirius red-stained sections under circularly polarized light (Fig. 2, A and B) . The results were first analyzed as the extent of collagen packing with respect to the fraction of collagen area. In both the EDL and the soleus muscles, a smaller fraction of collagen area was occupied by densely packed collagen in 1-yr-old mdx mice (Fig. 2, C and  E) . However, in the diaphragm, the proportions of densely packed collagen were not significantly different at either age or between C57 and mdx mice (Fig. 2G) . A second set of comparisons was performed on collagen packing with respect Values are means Ϯ SD. Samples in parentheses underwent passive mechanical measurements. The diaphragm muscle mass, physiological cross-sectional area (PCSA), length, and tetanic force are dependent on muscle dissection, and thus statistical analysis was not performed for these parameters. EDL, extensor digitorum longus. *P Ͻ 0.05, mdx mice are significantly different from age-matched C57 mice; †P Ͻ 0.05, 1 yr mice are significantly different from 20 wk mice of the same genotype.
to the fraction of muscle area. The difference in densely packed collagen of EDL muscles at 1 yr was not present when taken as a fraction of total muscle area; however, there was a significant increase in loosely packed collagen in EDL muscles from 1-yr-old mdx mice (Fig. 2D) . The same was true of soleus muscle with both ages having significantly higher proportions of loose collagen in mdx mice (Fig. 2F) . As a consequence of having much greater collagen area, the mdx diaphragm had a significant effect of genotype with increases in both densely and loosely packed collagen at 20 wk and 1 yr of age of mdx C: collagen area fraction as determined from picosirius red straining of whole muscle cross section after mechanical testing. D: hydroxyproline content as a measure of overall collagen content in whole skeletal muscle from contralateral limb of mechanics testing. *P Ͻ 0.05, significant differences between mdx and aged-matched C57 mice. †P Ͻ 0.05, significant differences between 1-yr and 20-wk-old mice of the same genotype. mice. There was a significant interaction of age and genotype of densely packed collagen in the diaphragm; however, post hoc tests did not reveal a significant change with age for either genotype (Fig. 2H) . Thus all muscles from the mdx mice displayed increases in loosely packed collagen, yet there was no consistent trend in tightly packed collagen across the muscle groups.
Passive mechanics. The dynamic and elastic stiffness as well as an index of viscosity were determined for each muscle group (Fig. 3) . The elastic stiffness was much greater for mdx muscles in the EDL at both ages (Fig. 4A) . Surprisingly, there was no statistical difference in elastic stiffness of mdx muscles in either the soleus or diaphragm muscles. The result for dynamic stiffness, which includes a viscous component, was similar with the EDL having a highly significant increase in mdx muscles with no change in soleus muscles. A two-way ANOVA revealed a significant difference in dynamic stiffness of diaphragm muscle in mdx mice; however, post hoc tests were not significant for either age. The ratio of the elastic stiffness to the dynamic stiffness provides an index of viscosity, with a larger value representing the elastic stress being a greater proportion of the total stress and thus less relative viscosity. The mdx EDL muscles had a significantly higher ratio becoming proportionally less viscous, while there was no change in the soleus muscle (Fig. 4C) . The mdx muscles of the diaphragm had the opposite effect of EDL muscles and were significantly more viscous than controls.
Correlations. Measuring fibrotic and functional parameters on the same muscle, or contralateral muscles in the case of hydroxyproline assays, permitted correlation between each Fig. 3 . Description of passive mechanical protocol with example data from 20-wk-old C57 EDL muscle. A: after preconditioning stress relaxation is held for 2 min with () representing maximum stress used to determine dynamic stiffness () representing stress at 2 min used to determine elastic stiffness. B: strains of 2.5, 5, 7.5, 10, and 15% with a ramp stretch of 1 fiber length/second and held for 2 min. C: stiffness is determined from a quadratic fit to the stress strain curves taking the tangent modulus at 10% strain for both dynamic and elastic stiffness. Fig. 4 . Characterization of passive mechanical properties of EDL, soleus, and diaphragm muscles in mdx and C57 mice at 20 wk and 1 yr. Dynamic stiffness (A) and elastic stiffness (B) values. C: ratio of elastic to dynamic stiffness, with higher values representing more proportionally elastic to viscous stiffness. *P Ͻ 0.05, significant differences between mdx and aged-matched C57 mice.
parameter. As expected, there was a negative correlation between collagen area and specific force for each muscle, which was highly significant for soleus and diaphragm muscles (Fig. 5, A-C) . Surprisingly, the correlation between collagen area fraction and elastic stiffness was minimal for each muscle tested (Fig. 5, D-F) . Correspondingly there was no significant correlation between hydroxyproline content and elastic stiffness for any muscle tested (R 2 ϭ 0.124, P ϭ 0.061 for EDL; R 2 ϭ 0.049, P ϭ 0.393 for soleus; and R 2 ϭ 0.012, P ϭ 0.661 for diaphragm). Further, there was no significant correlation across groups for dense collagen muscle fraction and elastic stiffness (Fig. 5, G-I) . For the EDL, however, there was a significant positive correlation between dense collagen muscle fraction and elastic stiffness for 20-wk C57 and 1-yr mdx mice.
DISCUSSION
Fibrosis is an occurrence common to nearly all muscle pathologies (28) . Skeletal muscles in patients with DMD have extensive replacement of muscle fibers with fibrotic and fatty tissue (23) , which leads to loss of muscle strength, impaired regenerative capacity, and potentially increased stiffness. In addition to muscle weakness, patients with DMD also commonly develop muscle contractures, in which muscle passive stiffness can contribute to the loss of range of motion about a joint, leading to further loss of function. It is commonly suggested that an increase in collagen of the fibrotic muscle underlies increased passive stiffness (25) . We tested the hypothesis that collagen content and active and passive mechanical properties were well correlated in the mdx mouse model of DMD. While there was a strong correlation between collagen content and active force generation, we found little to no correlation between collagen content, measured histologically or biochemically, and passive muscle stiffness. Further, using circularly polarized light microscopy to obtain an index of collagen packing yielded only a minor correlation between densely packed collagen and passive stiffness. Finally, we found that collagen organization and passive mechanical properties of different muscles respond to the dystrophic environment in unique ways.
It is generally accepted that the mdx mouse recapitulates only a subset of the symptoms associated with DMD, with limb muscles undergoing successful regeneration and a mild disease phenotype (8) . In contrast, the diaphragm has been shown to undergo severe fibrosis in the mdx model, more characteristic of the human disease (42) . Our results on collagen content reflect these concepts with the limb muscles (EDL and soleus) exhibiting moderate fibrosis in terms of collagen area fraction and biochemical collagen content, and the diaphragm having extensive fibrosis (19, 42) . The accumulation of fibrosis is known to be progressive in DMD and the mdx model, corresponding with our results showing increased collagen from 20 wk to 1 yr in the mdx mice, with little to no change during the same time span of C57 mice. The fact that both collagen area fraction and hydroxyproline quantification yield very similar Fig. 5 . Correlation of fibrotic and mechanical parameters of EDL, soleus, and diaphragm muscles in mdx and C57 mice at 20 wk and 1 yr. A-C: correlation between specific force and collagen area fraction for EDL, soleus, and diaphragm muscles respectively. D-F: correlation between elastic stiffness and collagen area fraction EDL, soleus, and diaphragm muscles respectively. G-I: correlation between elastic stiffness and fraction of whole muscle dense collagen area. G: significant (P Ͻ 0.05) positive correlation exists between elastic stiffness and dense collagen area within 20-wk-old C57 and 1-yr mdx mice. ***P Ͻ 0.001, significant correlation within a muscle between parameters across genotype and age of mice.
results argues that either is a useful assay of collagen content. The EDL muscle had trends for more collagen using both assays, but neither reached significance. Previous studies have shown significantly more collagen in the mdx EDL at similar ages (17) (18) (19) , but it is possible our study was underpowered to detect these smaller differences. As a whole results on collagen content of our study correspond well with the existing literature.
Measuring collagen packing using circularly polarized light on picosirius red-stained sections is a novel method in skeletal muscle, although it has been used successfully in other tissues (33, 36, 47) . Collagen organization, including cross-linking, is known to have important effects on its material properties (4); however, collagen organization has not been measured in DMD patients or mdx mice. When performed alongside typical picosirius red staining for collagen area fraction, quantification of collagen packing represents a complementary method of collecting further data on the state of the ECM and collagen organization. While collagen packing provides only one aspect of collagen organization, these alterations serve as an index of the fibrotic state. In the current study, we observed a range of the quantity and quality of fibrosis in the different muscles from wild-type and mdx mice. Limb muscles from aged mdx mice exhibited modest but significant decreases in the proportion of densely packed collagen and an increase in loosely packed collagen. Thus limb muscle fibrosis appears as a looser, more disorganized, ECM. However, the diaphragm exhibited a different trend including an increase in both the loosely and tightly packed collagen in the diaphragms from mdx mice, which was evident when collagen packing was viewed as a percentage of total muscle area. Given that collagen production precedes collagen cross-linking, we anticipate that the proportion of tightly packed collagen would increase further in diaphragms of older mdx mice. However, it is surprising that the limb muscles show a proportional decrease in tightly packed collagen with age. This may be due to variable expression and activity of cross-linking enzymes across different muscles, variable expression and activity of collagenases, or simply that we have captured only a snapshot of a common progression of fibrosis that warrants further study. Taken together, the limb muscles and the diaphragm represent a spectrum of collagen content and organization that can be investigated to evaluate how fibrosis and mechanical properties are related.
While not as commonly studied as active mechanics, the passive mechanical properties of mdx mouse muscle have been debated in the literature. These studies are difficult to compare as the mechanical protocols are not standardized and the tests are performed on different muscles. For the EDL muscle early studies showed a trend for increased passive stiffness (6, 24) . Later studies suggested that limb muscle was not stiffer when undergoing small strains (7, 52) . Previous studies have also demonstrated that the passive mechanical properties of EDL are not altered up to 7 wk of age (52) . More recently, higher powered studies with a similar stretch relaxation protocol that used here have more conclusively established an increase in passive stiffness of EDL muscle down to 10% strain (17) (18) (19) , a physiological level that does not produce appreciable muscle damage. Although our analysis was dissimilar, using the tangent modulus for stress stain, the data are consistent with Hakim et. al. (17-19) for EDL muscle. Hakim et. al. also measured the viscoelastic properties of EDL muscle using stress relaxation, and reported an increase in viscosity of mdx muscle. Our data describe a decrease in the viscosity for EDL muscle, but it is important to recognize that we looked at viscosity in proportion to the viscoelastic (dynamic) stiffness while Hakim et al. looked at the absolute viscosity. In both cases, the relative change in dynamic stress was greater than the change in viscosity. In the diaphragm, Stedman et al. (42) first demonstrated a dramatic increase in passive tension of mdx diaphragm at 18 mo with only 7.5% strain. However, Kumar et. al. showed increased compliance of the diaphragm in mdx mice with a much younger 2-wk-old time point (23a). Our results fall between these studies with no effects on elastic stiffness and a small increase in dynamic stiffness at both 20 wk and 1 yr of the mdx diaphragm. These discrepancies could be due to progressive stiffening that occurs over the lifetime of the mouse, where each study reflects a different time point, or it is possible that the variations among passive mechanical protocols produce different results. The 22°C temperature used in these experiments provides a reference to examine the relationship between collagen and passive tension. However, this is below the physiological temperature of limb muscles and to a greater degree in the diaphragm, which may lead to altered passive mechanical properties in vivo. Whether or not the absence of dystrophin alters the response of passive mechanical properties to temperature is an open question. Based on previous work assessing the active mechanical properties of C57 and mdx diaphragm muscle, which are altered in a constant ratio through a range of temperatures (32), we anticipate that a similar relationship among passive mechanical properties, fibrosis, and temperature would emerge. However, this remains to be tested in future studies. Notably, we are not aware of any studies on the passive mechanical properties of the soleus muscle in mdx and thus the first to report no effect in the mdx mice.
It is clear that dystrophic patients demonstrate decreased active force generation in conjunction with the replacement of contractile muscle with fibrotic tissue, as seen with a clear correlation between collagen area fraction and specific force. The common assertion is that increased fibrosis also leads to increased passive stiffness; however, the relationship is unclear. A multitude of studies show increases in fibrosis in skeletal muscle pathology and also an increase in passive stiffness (19, 41) but are rarely paired together to determine if there is a correlation. The structures responsible for passive tension in skeletal muscle are also not entirely elucidated. Recent studies have suggested that the ECM is primarily responsible for passive stiffness in mammalian skeletal muscle (13, 14, 30) ; however, intracellular components may also contribute (37) . Our results clearly demonstrate that collagen content is not the primary determinant of passive stiffness, with no correlation between collagen content and dynamic or elastic stiffness. This is made readily apparent by the mdx EDL having little change in collagen and a highly significant increase in passive stiffness, while the mdx soleus has a highly significant increase in collagen and no change in passive stiffness. We are thus able to reject our hypothesis that collagen content is correlated with passive stiffness in fibrotic skeletal muscle.
Clearly, parameters beyond collagen content are contributing to passive stiffness. We tested the hypothesis that the amount of dense collagen fibril packing would more readily account for passive stiffness. Dense collagen packing did not correlate significantly with passive stiffness across the range of muscle groups for any muscle. When investigating with individual groups, there was predominantly a positive correlation, but it was only significant in the EDL for 20-wk-old C57 mice and 1-yr-old mdx mice. With the use of z-scores to remove effects of muscle, genotype, or age, there is a small but significant correlation between dense collagen and elastic stiffness, which is not true for collagen area or hydroxyproline (Fig. 6, A-C) . While the role collagen packing plays in establishing passive stiffness is yet to be conclusively determined, there are clearly other important factors. This study does not rule out the importance of collagen in passive stiffness of skeletal muscle. The extent of cross-linking is known to be an important determinant of collagen tensile strength (4) and thus may be key to understanding fibrosis in skeletal muscle. The orientation of collagen fibrils is also critical to determining their function (38) . Disorganized ECM with collagen aligned orthogonal to the muscle axis is a possible explanation for the decreased stiffness of mdx soleus muscle. This study focuses on the contribution of collagen to passive tension; however, intracellular components also affect passive mechanical properties of skeletal muscle. Titin is purported to be the primary contributor to intracellular skeletal muscle passive mechanics, with mechanical stiffness dependent on alternative splicing (48) . However, there is evidence that extracellular components bear most of the passive load in whole mammalian muscle, particularly at 10% strain (13, 15) . It is currently unknown how titin splice variants are affected in mdx skeletal muscle and how titin alteration might affect mdx muscle stiffness. Certainly, more work is required to elucidate the parameters that define the passive mechanical properties of skeletal muscle in healthy and diseased states.
The results of this study also demonstrate that muscles respond to the lack of dystrophin in unique ways, as has been shown previously (20) . This is perhaps most clearly demonstrated by the changes in the ratio of elastic to dynamic stiffness, a measure of the relative viscosity of the tissue. Since the ratio is elastic to dynamic stiffness is internally normalized and not dependent on measurements of mass and length, there is comparatively little variation within a muscle group. Our results clearly show the EDL to become more elastic, the soleus to be unchanged, and the diaphragm to be become more viscous. The reason for this to be the case is unknown. It is interesting to point out, however, that across conditions there is little correlation between viscosity and muscle fraction of dense collagen. However, when the z-scores were used to remove the effects of muscle, genotype, and age, there is a highly significant correlation between dense collagen area and ratio of elastic to dynamic stiffness (Fig. 6, D-F) . This suggests that, in the absence of other factors, dense collagen packing leads to relatively more elastic muscle properties while loose disorganized collagen packing leads to relatively more viscous mechanical properties. It is important to note that the Fig. 6 . Correlation of fibrotic parameters with elastic stiffness using z-scores (A-C) and proportion of elastic stiffness (D-F). The z-score is determined within each muscle, age, and genotype. A: correlation between elastic stiffness and collagen area fraction. B: correlation between elastic stiffness and hydroxyproline. C: correlation between elastic stiffness and fraction of whole muscle dense collagen area. D: correlation between ratio of elastic to dynamic stiffness and collagen area fraction. E: correlation between ratio of elastic to dynamic stiffness and hydroxyproline. F: correlation between ratio of elastic to dynamic stiffness and fraction of whole muscle dense collagen area. *P Ͻ 0.05, significant positive correlation exists with dense collagen area and both elastic stiffness and ratio of elastic to dynamic stiffness. increased intrinsic muscle elasticity in conjunction with the increased muscle size of the mdx EDL compound to create much larger total muscle stiffness that is experienced by the joint in vivo (Table 1) , which could lead to contractures observed in mdx mice or increased susceptibility to damage (12) . The muscle-specific adaptations that take place in the degree of viscosity and the alterations in stiffness, collagen content, and collagen organization may be protective in the environment of the muscle. For example, the passive mechanical properties of the diaphragm are key components of respiration (42) , and a decrease in the elastic to dynamic stiffness ratio in the diaphragm would allow greater tuning of stiffness to respiratory rate.
From a broader perspective, this type of assessment can reveal differential responses of passive mechanical properties not only to the loss of dystrophin, but it can also illuminate mechanisms underlying the loss of other proteins causing neuromuscular diseases. For instance, a recent study targeting COL12A1 in mice causing the loss of collagen XII resulted in significantly reduced passive tension and greater protection against loss of force following eccentric contractions (54) , supporting the hypothesis that alterations in ECM properties can affect muscle fragility. In the current study, we could not address a potential correlation between passive mechanical properties and susceptibility to contractile injury due to the impact of eccentric contractions on the histological measures of collagen packing. However, future studies can be designed to determine how passive force and muscle fragility are related.
Summary. In comparison to C57 control mice, we determined in 20-wk and 1-yr-old mdx mice that changes in collagen content varied between muscles, with little increase in EDL, a significant increase in soleus, and a dramatic increase in diaphragm muscle collagen content. The EDL and soleus muscles had a decreased proportion of densely packed collagen, while all dystrophic muscles had an increased total amount of loosely packed collagen. Only the EDL had significantly greater elastic stiffness in the mdx muscle than control. Both EDL and diaphragm had increased dynamic stiffness; however, the EDL became relatively more elastic and the diaphragm became relatively more viscous in the mdx mice. Surprisingly there was no correlation between collagen content and passive stiffness for any muscle. The density of collagen packing was also not able to account for much of the variability in passive stiffness. These results show that the fibrotic response to dystrophy and resulting passive mechanics are distinct to individual muscles and demonstrate that the contributors to passive mechanics warrant further investigation.
